The influence of lactic acidosis and of extreme hypercapnia on free radical generation and lipid peroxi dation in brain tissues was studied. Cortical homogenates were prepared from the rat brain in a bicarbonate buffer and incubated for 60 min. Lipid peroxidation was evalu ated by measurements of thiobarbituric acid reactive (TBAR) material and a-tocopherol analysis. The pH dur ing incubations were decreased to 6.10-6.20 by either lac tic acid administration or equilibration with 60% CO2 gas in paired experiments. In homogenates treated with lactic acid there was a 20-fold increase in TBAR material and the a-tocopherol concentration decreased to -60% of
The development of irreversible cell damage in brain ischemia due to stroke has been assumed to involve free radical mechanisms (Demopoulos et aI., 1977; Flamm et aI., 1978) . Although subsequent results failed to confirm the idea that free radicals are responsible for damage during sustained severe ischemia (Rehncrona et aI., 1980a (Rehncrona et aI., , 1982 Cooper et aI., 1980; Yoshida et aI., 1980) , such reactions may preferentially operate during the postischemic recirculation phase after transient ischemia (Y 0shida et aI., 1980; Siesj6, 1981; Nayini et aI., 1985) .
Two recent investigations performed in cardiac arrest models emphasize the possible importance of iron delocalization and peroxidative damage in re versible brain ischemia. First, increased brain lev els of low-molecular-weight species iron were dem-control. There was only a lO-fold increase in TBAR ma terial and no change in a-tocopherol concentration if ac idosis was induced by CO2, These differences between lactic acidosis and hypercapnic acidosis were statistically highly significant. The results indicate that lactic acidosis has a more pronounced effect in augmenting free radical generation in brain tissues than acidosis due to an in crease in CO2 tension. It is suggested that this effect of lactic acid is mediated by increased dissociation of cata lytic iron from proteins of the transferrin type. Key Words: Brain Homogenates, Iron, Lactic Acidosis, Lipid Peroxidation, Transferrin. onstrated to coincide with an increase in malondi aldehyde (MDA) and conjugated dienes in the recirculation period (Nayini et aI., 1985; Komara et aI., 1986) . Furthermore, these changes were partly counteracted by administration of the iron chelator desferrioxamine. Second, desferrioxamine treat ment improved the clinical recovery after cardio pulmonary resuscitation (Babbs, 1985) . The mech anism responsible for iron delocalization in cerebral ischemia is, however, not known.
It is now firmly established that severe tissue lac tic acidosis during cerebral ischemia aggravates cell damage and contributes to an impaired postisch emic recovery (Myers, 1979; Rehncrona et aI., 1981 Rehncrona et aI., ,1985 Siesj6, 1981; Kalimo et aI., 1981; Siem kowicz, 1985) . If ischemia is pronounced, the anaerobic production of lactic acid from available glycolytic substrates causes a fall in intracellular pH to below 6.20 (von Hanwehr et aI., 1986; Smith et aI., 1986) . One possible effect of tissue acidosis is to stimulate free radical generation by increased dis sociation of protein-bound iron as postulated by Barber and Bernheim (1967) . The validity of this hypothesis was recently established in a study of incubated brain homogenates, showing that a de crease in pH to 6.5-6.0 grossly exaggerates the for mation of thiobarbituric acid reactive (TBAR) ma terial, the decrease in a-tocopherol concentration, and the degradation of polyenoic fatty acids during ferrous sulfate and ascorbic acid stimulated lipid peroxidation (Siesjo et al., 1985) . In the in vivo sit uation the intrinsic source of catalytic iron could be transferrin and ferritin, from which the release of iron may be stimulated by acidosis and by . 0;, respectively (Aisen, 1979; Paques et al. , 1979; Aust et al., 1985) . Although the binding and release of iron from ferritin still seems somewhat enigmatic, transferrin binding of iron is known to involve bi carbonate anions as binding ligands between the metal and protein moieties (Schlabach and Bates, 1975; Aisen, 1979) . Therefore, we speculated that tissue acidosis caused by an increase in CO2 tension may, at least in relative terms, stabilize iron bound to transferrin while lactic acidosis, by protonic at tack on the bicarbonate anion ligand, might sub stantially increase iron dissociation and thus en hance the risk of free radical generation and perox idative damage.
The present investigation on rat brain homoge nates was undertaken to explore the possibility that brain tissue lactic acidosis exaggerates peroxidative reactions as compared with a similar degree of ac idosis induced by increased CO2 tension. To mimic physiological conditions as much as possible we ho mogenized cortical tissue in a physiological bicar bonate buffer and no extrinsic iron was added.
MATERIALS AND METHODS

Surgical and sampling techniques
Twenty male Wistar rats (weight 350-450 g) were anes thetized with halothane (3.5%), tracheotomized, and the femoral artery was cannulated for blood pressure record ing and sampling of blood for arterial blood gas analysis. The animals were paralyzed with suxamethonium chlo ride (Celocurin) and anesthesia was maintained with 0.4% halothane in 70% N20/30% O2 during artifical ventilation. The mean arterial blood pressure was kept between 120 and 150 mm Hg, arterial P02 > 100 mm Hg, and Pc02 between 35 and 40 mm Hg by small adjustment of venti lation. After a 30-min steady-state period, a thoracotomy was performed and the ascending aorta was cannulated. The cerebral vessels were then perfused with a physio logical saline solution for 2 min to rinse the vessels free from blood, before freezing the brain with liquid nitrogen poured into a plastic funnel tightly fitted to the skull bone (Ponten et al., 1973) . The brains were then chiseled out during irrigation with liquid nitrogen and stored at -80°C for 3-14 days before in vitro experiment.
Preparation of tissue homogenates
Four hundred milligrams of cortical tissue was dis sected from each brain at -22°C in a refrigerated box.
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The cortical tissue was then transferred to an ice-cold buffer containing 140 mM KCI, 10 mM NaHC03, 3 mM KH2P04, and 2 mM K2HP04 (adjusted to pH 7.2). To decrease peroxidation before incubations, the buffer was preequilibrated with 100% nitrogen gas for 1 h. The tissue was homogenized during 60 s with an electrically oper ated Teflon-glass homogenizer to obtain a 10% (w/v) tis sue homogenate. During homogenization 100% nitrogen gas was blown over the liquid surface and immediately thereafter the homogenizer was sealed.
Incubation conditions
The homogenate from each brain was split into two parts, which were transferred to continuously rotating tonometers and incubated for 60 min in a water bath at 37°C (Rehncrona et al., 1980b) . One of the homogenates was continuously equilibrated with a gas mixture contain ing 60% CO2 and 12% O2 in N2, to induce hypercapnic acidosis. The other homogenate was equilibrated with 5% COi12% O2 in N2 and pH was decreased to the same level by the addition of small amounts (15-17 ,.., 1) of lactic acid (1.0 M) to induce lactic acidosis. The gas mixtures were humidified before reaching the homogenates. pH of the reaction mixtures was measured on samples taken after 0, 5, 15, 30, and 60 min with microelectrodes oper ated at 37°C (Eschweiler, Kiel, F.R.G.). During the incu bation pH was not allowed to differ more than 0.10 U between the paired homogenates. If the pH difference exceeded 0.10 the experiment was discontinued and sam ples were not analyzed. Samples for analysis of TBAR material and ex-tocopherol were taken immediately before incubation (zero-time samples) as well as after the 60-min incubation period. In two separate experiments 0.5 mg/ml desferrioxamine (Desfera1) was added to the buffer before homogenizing the tissue. The homogenates were then treated similarly to the others.
Analytical techniques
The concentration of TBAR material was measured as described by Yagi (1982;  see also Siesj6 et al., 1985) . Five hundred microliters of the homogenate was added to 500 ,.., 1 of 8.1 % sodium dodecylsulfate and mixed with 1.5 ml of an acetate buffer (pH 3.5). After the addition of 1.5 ml of 0.8% thiobarbituric acid, the mixture was incubated for 30 min in boiling water. After cooling, 1.0 ml of distilled, demineralized water was added and the colored material was extracted with 5.0 ml of n-butanollpyridine (15:1, by volume) and centrifuged at 3,000 rlmin for 15 min. The absorbance of the organic phase was determined at 532 nm using a Zeiss spectrophotometer (Kiel, FRG). The concentration of TBAR material was then derived from a standard curve (54.55 pmoll.:l O.D.). ex-Tocopherol was determined according to Westerberg et al. (1981) . A 500-,.., 1 aliquot of the tissue homogenate was extracted with 1.5-ml hexanelethanol (2: 1 by volume) containing 1.4 fLg ml-1 of 5,7-dimethyltocopherol as an internal standard. The mixture was centrifuged for 10 min at 10,000 rlmin and the hexane phase was stored under 100% N2 at -20°C until analyzed. The ex-tocopherol con centration was measured with high-performance liquid chromatography (model U 6 K injector, model 6000 A solvent delivery system, model 440 absorbance detector; Waters Associates, Milford, MA, U.S.A.) using hexane containing 0.8% ethanol as mobile phase with a fL-Bondapak-NH2 column (10 fLm particle size; Waters Associates). Ultraviolet absorbance at 280 nm was used for detection at a flow rate of 1 ml min -1 •
Protein analysis
To exclude the possibility that concentration differ ences between different samples could be due to different degrees of desiccation during incubations, samples were taken from six experiments before and after the incuba tion and were analyzed for protein concentration accord ing to Lowry et al. (1950. 
Statistical analysis
Paired t test with the Bonferroni correction was used to calculate the statistical significance of the differences found. P < 0.05 was considered statistically significant.
RESULTS
The pH of the homogenates varied around a mean value of 7.23 in samples taken immediately before incubations (Fig. la) . During the initial 5-min incu bation period pH stabilized around 6. 10--6.20 both in CO2-and lactic acid-treated homogenates. The pH was then remarkedly constant during the rest of the 60-min incubation period and only four experi ments had to be deleted due to too big a difference (>0.10 pH unit) between paired samples. There were no statistically significant differences between pH in CO2-and lactic acid-treated samples at any time during the incubation period (Fig. la) .
The concentrations of TBAR material and of a-tocopherol before as well as at the end of the 60-min incubation period are given in Fig. Ib and c , respectively. In homogenates with lactic acidosis there was a more than 20-fold increase in TBAR material, whereas hypercapnic acidosis was associ ated with only a lO-fold increase. The differences in the level of accumulated TBAR material between the two different types of acidosis was statistically highly significant (P < 0.001). During the incubation period there was a consumption of a-tocopherol in the homogenates with lactic acid-induced acidosis, a-tocopherol concentration decreasing by 30-40%. However, the concentration of a-tocopherol re mained unchanged in the homogenates treated with CO2, The decrease in a-tocopherol concentration during lactic acidosis and the difference in concen tration between the two types of acidosis were sta tistically highly significant (P < 0.001). Because TBAR material accumulated to a certain extent also during hypercapnic acidosis (see above), indicating some degree of lipid peroxidation, a change in a-tocopherol concentration could be expected. This was not the case, however. In fact, some of the CO2-equilibrated samples even showed a-to copherol levels that appeared higher after 60 min of incubation than before. To exclude the possibility of water loss, increasing homogenate con centra-tions due to the continuous gas equilibration, we also measured the total protein concentration in six of the experiments. The protein concentration in the homogenates before incubation was 7.75 ± 0. 32 mg . ml-I (mean ± SEM). During incubations there was a suggested but not statistically significant de crease in protein concentration both in lactic acid (6. 92 ± 0.60 mg' ml-I) and in CO2 (7. 35 ± 0.27 mg . ml-I) treated homogenates. Furthermore, calcu lations of both the content of TBAR material and a-tocopherol with reference to protein concentra tion in individual samples (data not shown) did not change the results. This indicates that the measured differences are not an effect of changes in homog enate concentration during incubations.
Because we speculated that lipid peroxidation in brain might be related to iron delocalization due to acidosis, we also deemed it important to establish that the changes measured in TBAR material and in a-tocopherol were dependent on "free iron" in the homogenates. Therefore, the experiments were re peated with brain homogenates from two rats after the addition of desferrioxamine. Sample taken be fore and after incubations at a mean pH of 6.07 (lactic acidosis) and 6. 11 (C02) showed no detect able TBAR material in any of the samples and there were no decreases in a-tocopherol concentrations.
DISCUSSION
An earlier study from this laboratory (Siesjo et al., 1985) confirmed and extended the original ob servation made by Bernheim (1963) that acidosis stimulates lipid peroxidation in brain homogenates. One possibility is that acidosis stimulates lipid peroxidation by changing the Fe 2 + IFe3 + ratio (Braughler et aI., 1986) . The present results indicate that the degree of peroxidation not only relates to the decreased pH but also to the source of the hy drogen ions. Thus, lactic acidosis causes a more extensive lipid peroxidation in brain tissue than does a similar fall in pH due to increased CO2 ten sion. We suggest that this difference is explained by different effects on iron delocalization by the differ ent types of acidosis. Before discussing this possi ble mechanism and the relevance of the results to ischemic brain damage, it seems justified first to discuss the indices of lipid peroxidation used. Materials reacting with thiobarbituric acid in the TBA test are generally regarded to be decomposi tion products, mainly MDA, of hydroperoxy fatty acids formed as a consequence of a free radical at tack on polyenoic fatty acids (for review see Barber and Bernheim, 1967; Freeman and Crapo, 1982; Gutteridge, 1984, 1985) . The TBA test J Cereb Blood Flow Metab, Vol. 9, No.1, 1989 .... . , and a-tocopherol (c) in brain cortical tissue homogenates (n = 14) before and during 60 min incubation either with lactic acid or at increased CO2 tension. There were no statistically significant differences between pH (a) in lactic acid-and CO2-treated groups during the incubation period (samples at 5 and 60 min). The increase in TSAR (b) during incubation was statistically highly significant in both groups (p < 0.001). as was the difference between the homogenates incubated with lactic acid and CO2 (p < 0.001). During lactic acidosis a-tocopherol concentration (c) decreased to -60% of the concen tration before incubation (p < 0.001). whereas no change was found if acidosis was induced by CO2, The difference in a-tocopherol concentration (c) between lactic acid-and CO2-incubated groups at the end of incubation was significant at p < 0.001. Values are means + SEM. � is not entirely specific and, for in vivo purpose, it has the disadvantage that the products measured may be metabolized in the tissue (Halliwell and Gutteridge, 1985) . For in vitro purpose, however, measurements of TBAR material provide useful in dices of lipid peroxidation. Thus, experiments on brain tissue homogenates have demonstrated that accumulation of TBAR material correlates to other indices including diene conjugation, formation of fluorescent products, degradation of polyenoic fatty acids, changes in reduced and oxidized glutathion, and a decrease in a-tocopherol (Rehncrona et aI., 1980a (Rehncrona et aI., , 1980b Siesj6 et aI., 1985) . The present in vitro results show a doubling of the production of TBAR material during lactic acidosis as compared with COr induced acidosis in brain tissue homoge nates. However, because it could not be excluded that part of the material reacting with TBA repre sented lipid hydroperoxides, decomposed during heating in the assay, thereby generating additional MDA (McKnight and Hunter, 1965; Aust et aI., 1985) , we also analyzed a-tocopherol in the sam ples. Only in the homogenates incubated with lactic acid was there a decline in a-tocopherol concentra tion indicating a consumption of this free radical scavanger. These data, taken together, suggest that as compared with acidosis due to increase in the CO2 tension, lactic acidosis enhances free radical mechanisms causing lipid peroxidation in brain tis sue.
The changes in TBAR material and in a-toco pherol in the present study are less dramatic than in our earlier studies of lipid peroxidation in vitro (Siesj6 et aI., 1985 ; see also Rehncrona et aI., 1980b) . This is explained by the fact that the present homogenates were not fortified with extrinsic Fe 2 +.
Three facts favor the notion that the peroxidative reactions are catalyzed by iron released from intrin sic sources. First, the cerebral blood vessels were thoroughly rinsed from blood before freezing and dissection of the brains. Second, no iron was added to the homogenates. Third, desferrioxamine abol ished the changes in TBAR material and a-tocopherol content. In tissues, nearly all iron oc curs in biologically inactive form bound to ferritin and transferrin. The fact that iron binding by trans ferrin requires bicarbonate anions offers an expla nation to the different effects of lactic acid and hy percapnic acidosis on lipid peroxidation. Thus, the association of iron with transferrin is not only de pendent on pH but also on the bicarbonate concen tration and thereby on Pco2. According to Aisen (1979) , the binding constant (K) of iron transferrin (TFn) can be defined by the equations: It follows from these equations that the increase in [HCO;] concomittant to the increase in [H +] in hypercapnic acidosis should tend to stabilize the transferrin iron complex. On the other hand, hydro gen ions donated by lactic acid should decrease the stability and tend to either dissociate iron from transferrin or decrease its ability to bind iron delo calized from other sources. This possibility implies that further studies with direct measurements of free iron in brain tissues subjected to different types of acidosis are imperative.
As mentioned in the introduction, tissue lactic acidosis during brain ischemia aggravates cell dam age. The present results are pertinent to the possi ble molecular mechanisms involved. Thus, one of the deleterious effects of severe tissue lactic acido sis during transient ischemia may be to delocalize catalytic iron that may promote free radical reac tions causing peroxidative damage in the subse quent reoxygenation phase. We emphasize, how ever, that this mechanism is tentative until verified by in vivo results.
